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ABSTRACT 

Results from a 60 ks Chandra HETGS observation of the nearby Seyfert 2 Circinus are presented. The spectrum 
shows a wealth of emission lines at both soft and hard X-rays, including lines of Ne, Mg, Si, S, Ar, Ca, and Fe, 
and a prominent Fe Ka line at 6.4 keV. We identify several of the He-like components and measure several of 
the Lyman lines of the H-like ions. The lines' profiles are unresolved at the limited signal-to-noise ratio of the 
data. Our analysis of the zeroth-order image in a companion paper constrains the size of the emission region 
to be 20-60 pc, suggesting that emission within this volume is almost entirely due to the reprocessing of the 
obscured central source. Here we show that a model containing two distinct components can reproduce almost 
all the observed properties of this gas. The ionized component can explain the observed intensities of the ionized 
species, assuming twice-solar composition and an A/ oc r" 1 5 density distribution. The neutral component is highly 
concentrated, well within the 0.8" point source, and is responsible for almost all of the observed Ka (6.4 keV) 
emission. Circinus seems to be different than Mkn 3 in terms of its gas distribution. 

Subject headings: galaxies: active — galaxies: nuclei — galaxies: Seyfert — galaxies: individual (Circinus) — 
X-rays: galaxies 



1. INTRODUCTION 



2. OBSERVATIONS AND DATA ANALYSIS 



Recent X-ray studies of Seyfert 2 galaxies with ASCA and 
BeppoSAX have shown that the 0.1-10 keV spectra of these 
sources are rich in emission lines at both soft and hard energies 
(e.g., Guainazzi et al. 1999; Turner et al. 1997). The interpreta- 
tion of the emission lines is problematic because of ambiguities 
about line blending, line profiles, and line flux distribution that 
are all poorly constrained by ASCA and BeppoSAX. The data 
\ are consistent with emission from gas in photoionization equi- 
librium (e.g., Netzer, Turner, & George 1998 and references 
therein), but there are also attempts to fit the spectra by a two- 
temperature gas in collisional equilibrium (Ueno et al. 1994), 
presumably due to starburst emission. X-ray observations at 
high resolution both spatially and spectrally are crucial to de- 
termining the origin of the X-ray lines in Seyfert 2s, a task for 
which Chandra is uniquely suited. 

Here we present a 60 ks Chandra HETGS spectrum of the 
Seyfert 2 galaxy Circinus. Previous ASCA and BeppoSAX ob- 
servations of this source revealed several emission lines at both 
soft and hard energies (Sako et al. 2000a; Guainazzi et al. 1999; 
Matt et al. 1996). In a companion paper, focusing on the zeroth- 
order ACIS image, we established that several components con- 
tribute to the X-ray emission from Circinus. In particular, we 
found that ~ 60% of the X-ray flux at ^ 2 keV is due to an 
extended component on scales ~ 2.3", while at harder energies 
the contribution from a compact ( ^ 0.8") region prevails. Im- 
portantly, the ACIS spectrum of the latter component exhibits 
several emission lines including a prominent (EW ~ 2.5 keV) 
Fe Ka line. In this paper, we concentrate on the analysis of the 
HETGS spectrum and on the implications for the physical con- 
ditions of the emitting gas. We also use a simultaneous RXTE 
observation to derive useful constraints on the intrinsic nuclear 
X-ray continuum. At the distance of the galaxy (~ 4 Mpc), 
l"=19pc. 



Circinus was observed with the High Energy Transmission 
Grating Spectrometer (HETGS; Canizares et al. 2000, in prep.) 
on 2000 June 6, with ACIS-S (Garmire et al. 2000) in the fo- 
cal plane. The total net exposure was 60,223 s. Details on the 
observation are given in our companion paper. 

The HETGS carries two mirror assemblies, the High Energy 
Grating (HEG) and Medium Energy Grating (MEG). The nu- 
clear HEG and MEG spectra were extracted in a narrow (15 
pixel) rectangular region centered on the zeroth-order posi- 
tion, avoiding contamination from the dispersed spectra of the 
nearby serendipitous sources. Although a few of the serendipi- 
tous sources exhibit emission lines in their ACIS spectra at both 
soft and hard X-rays, the 0.5-8 keV flux of the brightest one is 
a factor 5 weaker than the nucleus. We thus believe that con- 
tamination to the HETGS nuclear spectrum (in the regions of 
overlap of the dispersed spectra) is negligible. The HEG and 
MEG spectra were gain corrected and flux calibrated using An- 
cillary Response Files generated with the CI AO software. Only 
the first order HEG and MEG spectra were used for the anal- 
ysis, as higher orders contain only a few ( 3 per bin) counts 
and are not useful. The spectra were also corrected for cosmo- 
logical redshift and Galactic absorption, N^ aI - 5 3 ' n - 1 
(Freeman et al. 1977). 



3.3 x 10 21 cm 



3. SIMULTANEOUS RXTE OBSERVATIONS 

We used a simultaneous 30 ks exposure with RXTE to con- 
strain the higher-energy X-ray continuum emission from Circi- 
nus. The RXTE data were reduced following standard criteria; 
here we use only data from the PCA detector and report only 
on the results most relevant for the modeling of the Chandra 
HETGS data, leaving more details to a future paper. The source 
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FIG. 1 . — Bottom: The X-ray spectrum of Circinus from a 60 ks Chandra 
HETGS observation. The spectrum was obtained by averaging the MEG and 
HEG first-order spectra (after rebinning the HEG data to the same resolution 
as the MEG data), and rebinning to 0.02 A. Many emission lines mostly due to 
H- and He-like elements are detected, together with weaker lines from "neu- 
tral" S, Si, and Ar. The most prominent feature is the Fe Ka line at 6.4 keV. 
Top: A two component model fit to the data; ionized component (solid line) 
and neutral component (dashed line). 

was detected with the PCA up to ~ 30 keV, with a 2-30 keV 
count rate of 7.26 ± 0.04 counts s . 

We fitted the PCA data in the energy range 6-30 keV, where 
relatively few lines are present (mainly Fe Ka at 6.4 keV, FeK/3 
at 7.1 keV, and Fe XXVI/NiKa at 7.9 keV; Guainazzi et al. 
1999). We find that an excellent description of the PCA data 
(X 2 =56 for 62 degrees of freedom) is obtained with a model 
including a "pure" reflection continuum from neutral gas, plus 
a heavily absorbed (We ~6 x 10 24 cm" 2 ) power law dominant 
at ^ 10 keV, plus the three Gaussians lines. The best-fit model 
and fitted parameters are in complete agreement with a previous 
BeppoSAX observation of Circinus (Matt et al. 1999, Guainazzi 
et al. 1999). We mainly stress here the results for the intrin- 
sic nuclear continuum: power-law photon index T = 1 .65^ 2 g 
(90% confidence errors) and intrinsic (absorption-corrected) 2- 
10 keV luminosity in the range 4% keV = 3 x 10 40 - 3 x 10 42 
erg s" 1 , in agreement with the BeppoSAX data (Matt et al. 
1999). 

4. THE HETGS SPECTRUM 

The first order MEG spectra agree well with each other 
within the resolution of the grating (~ 0.023 A, twice as for 
the HEG). The two HEG spectra also agree with each other 
and with the MEG spectra. Therefore, in order to increase the 
signal-to-noise ratio, the four spectra were averaged after rebin- 
ning the HEG data to the MEG resolution. While this procedure 
sacrifices the higher resolution of the HEG, in most cases the 
lines are unresolved and the loss of resolution is thus well com- 
pensated by a cleaner detection of the lines. 

Figure 1 shows a wide wavelength coverage view of the flux- 
calibrated spectrum, binned at 0.02 A. A plethora of emission 
lines are apparent in the spectrum at all energies. The most 
prominent one is the Fe Ka line at 6.4 keV, with an EW ~ 2.1 
keV, an unresolved core, and a hint of a broader-base compo- 
nent which will be discussed elsewhere. A detailed view of the 
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FIG. 2. — The Fe line complex in Circinus from a 60 ks HETGS exposure 
shown, this time, after rebinning to 0.01 A. The Fe Ka line consists of a nar- 
row, unresolved core plus a broader base. Also detected is the FeK/3 line at 7. 1 
keV, and a weak line at 6.6 keV, with an energy consistent with Fe XXV. 

Fe line complex (Figure 2) shows also the Fe K/31ine at ~ 7.1 
keV, with an intensity of ~ 0.2 that of the Fe Ka line. We have 
identified another feature at around 6.6 keV, consistent with the 
Fe XXV Ka line. As shown below, our model cannot explain 
the intensity of this feature. The high absorption column in the 
direction to Circinus, and the relatively faint X-ray flux of the 
source, do not allow any clear line detections below ~ 1 keV. 

Table 1 gives quantitative information about the detected 
emission lines, including the line identification (note some 
question marks due to uncertain identifications), measured 
fluxes, and EWs. Many H-like and He-like lines of Mg, Si, 
S and possibly Ar are detected in the spectrum, together with 
weaker "neutral" lines of Si, S, Ar, and perhaps Ca. The high 
resolution allows deblending of the forbidden, intercombina- 
tion, and resonance lines of several of the He-like ions (Figure 
1). The significance of the lines' detections can be judged from 
the corresponding uncertainties on the line fluxes. The poor 
signal-to-noise ratio did not allow a meaningful line-width de- 
termination, and all FWHMs are consistent with the instrumen- 
tal resolution. 

The EWs are calculated with respect to the total observed 
continuum, which was evaluated using two independent meth- 
ods. First, we selected line-free regions of the spectrum (mostly 
above 2-3 keV), rebinned the data heavily, and fitted them with 
a smooth curve. Second, we used the zeroth-order spectrum 
from an extraction radius consistent with the extraction width 
of the HETGS spectrum (~ 3")- The latter was fitted with a 
power law plus free A^h, plus narrow (width=0.05 keV) Gaus- 
sians representing all the emission lines detected in the HETGS 
spectrum. Both methods gave consistent results. The 3-7 keV 
continuum can be described by an inverted power law with pho- 
ton index T ~ -0.8 and flux F2-10 keV ~ 7 X 10~ 12 erg cm" 2 s" 1 . 
This continuum was used in the EW measurements. The uncer- 
tainty on the continuum flux is 22% or better at all wavelengths. 

5. DISCUSSION 

We modeled the observed spectrum using our new line mea- 
surements, as well as the information obtained from the radial 
flux distribution (from our companion paper) and the high en- 
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Table 1 
X-ray Emission Lines 
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ergy observations from BeppoSAX (Matt et al. 1 999) and RXTE. 
The modeling is based on the following observations: (a) the 2- 
10 A continuum is flat, in F\, at long wavelengths (as expected 
from an "ionized mirror") and hardens below about 5A (as ex- 
pected from a "neutral mirror"). This, plus the detection of 
low ionization species, suggests two distinct components; (b) 
the EW of the Fe Ka line is very large, indicating iron over 
abundance (e.g. Netzer et al. 1998); (c) the extended spectrum 
(outside of the central 0.8") is flatter than the central spectrum, 
suggesting that the more neutral component contributes less at 
larger radii. 

Modeling is done using ION00, the 2000 version of the 
photoionization code ION (Netzer 1996). This includes the 
computation of the steady state ionization and thermal struc- 
ture of the gas, and the emergent spectrum. The main in- 
gredients of the model are: (a) Central power-law continuum 
with r = 1.5, extending from 0.1-100 keV and normalized to 
produce L2-10 keV = 10 42 erg s" 1 , in agreement with the Bep- 
poSAX and RXTE observations; (b) two component gas with 
twice-solar metallicity. We have experimented with the den- 
sity and column density of the two and found the following 
satisfactory combination: 1 . An ionized component with a ra- 
dial density distribution of N(r) = No(r/ro)~ 15 where ro = 1 pc 
and No = 2x 10 3 cm" 3 . This distribution is consistent with our 
measured radial flux distribution assuming most of the 0.8-3" 
flux is due to scattered continuum. 2. A neutral component 
with a similar (yet unconstrained) radial distribution with the 



same ro, but with Nq = 2x 10 5 cm" 3 . The first component is 
allowed to extend all the way to 300 pc while the second is 
limited by its column density, arbitrarily chosen at 10 23 - 9 cm" 2 , 
and is thus terminated well inside the inner 8 pc. This compo- 
nent can perhaps be viewed as the wall of the inner torus. The 
covering factors of the two components are free parameters of 
the model; (c) the gas turbulent velocity can range from no tur- 
bulence (pure thermal motion) up to few x 100 km s" 1 . The 
increased line width results in an increased intensity of all res- 
onance lines due to continuum fluorescence (Krolik and Kriss 
1995; Netzer 1996). Our best model requires no turbulent mo- 
tion. 

Several models have been computed, with various covering 
factors. A satisfactory solution is found for tt/4ir(neutral) = 
0.4-0.5, and Q,/Att (ionized) = 0.1-0.2, consistent with the ex- 
pected opening angle of the (hypothetical) torus, where SI is 
the solid angle subtended by the gas to the illuminating source. 
Figure 1 shows the two components alongside with the obser- 
vations and Figure 3 shows observed over computed intensities 
for the strongest lines. Note that, given the gas density and lo- 
cation, the only free parameters are the covering factors of the 
two components. 

The overall agreement between the model and the observa- 
tions is good, given the uncertainties. In particular: (a) the ob- 
served fluxes of most emission lines are reproduced, to within a 
factor of two. The 1.5-1 1 A continuum shape is reproduced too. 
These results support the idea of the two component model, 
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FIG. 3. — A comparison of observed and calculated line intensities. The 
lines can be identified by their wavelengths. The solid line marks the locus of 
equality between data and model, the dashed lines represent a factor 2 uncer- 
tainty from the solid line. 

with the assumed levels of ionization and metallicity; (b) the 
covering fractions are consistent with the suggested source ge- 
ometry. The radial density distribution reproduces well the 
highly peaked emission of this source and the relative weak flux 
outside the central 16 pc. The calculated scattered continuum 
and extended emission lines in the inner 16-57 pc are in good 
agreement with the (highly uncertain, see our companion pa- 
per) observations and there is no need to assume an additional 
starburst source; (c) the "neutral" iron Ka and K/3 lines are 
consistent with the compact, neutral component gas and the as- 
sumed metallicity. Notable difficulties are the over-prediction 
of the Fe L-shell lines around 9-12 A and the under-prediction 
of the 6.6 keV feature if due to Fe XXV. All argon lines are also 
under-predicted by the model. The measured intensity of these 
lines are highly uncertain and any suggestion for their origin 
(e.g. unusual composition) must await better observations. We 
also note that the predicted Ka flux, outside the central 20 pc, is 
below the observed value. This may be due to the already noted 
uncertainty in flux measurement. We also note that a "typical" 
NLR, can produce a sizeable fraction of this Ka emission. 

Regarding earlier X-ray observations of this source, the dis- 
covery paper by Matt et al. (1996) reports an ASCA spectrum 



including both neutral and ionized species. Netzer et al. (1998) 
re-analyzed the ASCA data and reported the measurements of 
six ionized lines plus the iron K-lines, all in reasonable agree- 
ment with the present observations. The paper includes a de- 
tailed photoionization model of the source and addresses also 
the Ka/H/3 line ratio. Guainazzi et al. (1999) reported on Bep- 
poSAX data that include the measurement of Si XIII, S XV, and 
Ar XVII lines, as well as neutral Fe-K lines. The observed fluxes 
are in good agreement except for Ar XVII whose BeppoSAX in- 
tensity exceeds our estimate by a factor 4. 

The present observations, being far superior in terms of the 
spatial and spectral resolution, yet limited in signal-to-noise ra- 
tio, confirm several of the suspected features of this source, 
such as the gas location, metallicity, and the various compo- 
nents. This, and the recently published Chandra observations 
of Mkn 3 (Sako et al. 2000b) show, for the first time, that cen- 
trally illuminated ionized gas in Seyfert 2 galaxies can have 
very different distributions in different sources. While in Mkn 3 
most of the line emission is spread over several hundred par- 
sees, this in not the case in Circinus, where the ionized gas is 
highly concentrated near the center and most of its flux origi- 
nates within the central ~ 15 pc. Moreover, the new observa- 
tions show that the more neutral gas is even more concentrated, 
and its dimension may be as small as a few parsecs. While 
we do not want to speculate about the origin of this difference, 
we note the large difference in luminosity between these two 
sources. It is therefore possible that the highly ionized gas in 
Seyfert galaxies has dimensions that are regulated by the central 
source's X-ray luminosity. 

6. CONCLUSIONS 

The new Chandra observations of the Seyfert 2 galaxy Circi- 
nus enable the very first detailed analysis of the physical condi- 
tions and the gas distribution in the inner 200 pc of this source. 
Our observations show the emission to be highly concentrated 
within the inner 60 pc and suggest that emission within this vol- 
ume is entirely due to the reprocessing of the obscured central 
source's radiation. An even smaller, more neutral component is 
seen through emission of low ionization iron lines and hard re- 
flected continuum. This is the first determination of the ionized 
gas distribution in the inner 100 pc region of a Seyfert 2 galaxy. 
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